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ABSTRACT

We illustrate the potential complexity of the feedback between global mean cloud amount and global
mean surface temperature when variations of the vertical cloud distribution are included by studying the
behavior of a one-dimensional radiative-convective model with two types of cloud variation: 1) variable
cloud cover with constant optical thickness and 2) variable optical thickness with constant cloud cover.
The variable parameter is calculated assuming a correlation between cloud amount and precipitation or
the vertical flux convergence of latent heat. Since the vertical latent heat flux is taken to be a fraction
of the total heat flux, modeled by convective adjustment, we examine the sensitivity of the results to
two different critical lapse rates, a constant 6.5 K km™! lapse rate and a temperature-dependent, moist
adiabatic lapse rate. The effects of the vertical structure of climate perturbations on the nature of the
cloud feedback are examined using two cases: a 2% increase in the solar constant and a doubling of the
atmospheric carbon dioxide concentration. The model results show that changes in the vertical cloud
distribution and mean cloud optical thickness can be as important to climate variations as are changes
in the total cloud cover. Further the variety and complexity of the feedbacks exhibited even by this
simple model suggest that proper determination of cloud feedbacks must include the effects of varying
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vertical distribution.

1. Introduction

The sensitivity of the earth’s atmospheric radia-
tion budget to specified changes in total cloud cover
and in mean cloud top altitude has been demon-
strated in many models (Manabe and Wetherald,
1967; Cox, 1971; Schneider, 1972; Fleming and
Cox, 1974; Cess, 1974; Lacis et al., 1979; Stephens
and Webster, 1979); but, since clouds vary in re-
sponse to changes in the atmospheric state, a key
problem in understanding the behavior of earth’s
climate is to determine the nature of cloud-radiation
feedbacks. Previous studies of cloud feedback have
considered only those produced by changes in the
areal coverage of a single cloud layer, effectively,
with specific optical properties® (Paltridge, 1974;
Temkin et al., 1975; Petukhov et al., 1975; Gates,
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1976; Roads, 1978; Schneider et al., 1978) and by a
simple kind of cloud altitude change which main-
tains a fixed cloud temperature (Cess, 1974, 1976;
Wang and Stone, 1980). However, model studies
with specified cloud changes show that the net
radiative effect of a cloud-cover change depends on
the altitude of the cloud top and that the behavior
of cirrus clouds is especially sensitive to variations
of their optical thickness (see especially, Stephens
and Webster, 1979). Both of these factors have been
neglected in previous feedback studies. Further-
more, the altitude dependence of the cloud radiative
effects suggests that complete understanding of
cloud feedbacks requires understanding the role of
variations in the vertical distribution of cloud
properties and their interaction with the vertical
structure of the climate perturbations themselves.
The mean vertical distribution of some cloud
properties is known in broad outline, but large
uncertainties exist in our knowledge of high-level
clouds, of clouds over oceans, and of the diurnal
and seasonal variability of clouds in general (see,
e.g., GARP, 1975; Oxford, 1978). Furthermore, we
know little about the complex of processes that
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TaBLE 1. Cloud cover and optical thickness as a function of
altitude obtained in the model when adjusted to the current
climate using a constant, 6.5 K km™!, lapse rate and a tempera-
ture-dependent, moist adiabatic lapse rate as the critical lapse rate
in the convective adjustment scheme.

Moist adiabatic

Fixed lapse rate lapse rate
Altitude Cloud Optical Cloud - Optical
(km) cover (%) thickness cover (%) thickness
12 0 0 0 0
9 2.4 2.10 0 0
8 5.6 1.83 2.3 322
5 6.2 6.89 6.2 7.54
4 10.2 6.72 12.5 6.87
3 7.8 6.57 9.3 6.49
2 6.2 17.56 7.0. 17.01
1 5.5 18.19 5.7 17.39
0 6.7 18.80 6.0 17.87
Total 50.6 78.65 49.0 - .76.39

determine the mean vertical distribution of clouds
(see, e.g., Krishnamurti ez al., 1980; Webster and
Stephens, 1980).

One-dimensional radiative-convective (1-D RC)
models (see Ramanathan and Coakley, 1978) are
particularly suited to investigation of this problem
for two reasons. First, this model, as a represen-
tation of the global and annual mean atmospheric
structure, isolates-the mean vertical cloud distribu-
tion and the processes controlling it so that the key
relationships are more easily examined. Second,
the simplicity of the parameterized dynamics allows
for a more detailed treatment of the radiative
transfer problem so that the proper relationship be-
tween cloud visual albedo and infrared emissivity
can be incorporated. This relationship is crucial for
proper modeling of both the altitude dependent
cloud radiative effects and the effects of cirrus
clouds (Lacis et al., 1979; Stephens and Webster,
1979; Stephens, 1980). The crude state of our theory
and data concerning vertical cloud distributions and
processes makes study of simple parameterizations
in such simple models a desirable prelude to more
complex model studies. The cloud parameterization
that we introduce in Section 2 is simple, but it is
self-consistent and retains the key feature of allow-
ing the clouds at different altitudes to vary
individually in response to changes in the vertical
temperature structure and atmespheric dynamics.
Although we -believe that the parameterization is
plausible, ‘we intend our model results to serve
primarily as an illustration of the potential com-
plexity of the cloud feedbacks when vertical struc-
ture variations are included.

To display the dependence of the model behavior
on the vertical structure of the climate perturba-
tion, we consider two cases: a 2% increase in the
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solar constant (Section 3) and a doubling of the CO,
abundance (Section 4). Without cloud feedback in
this model, both of these perturbations produce
about the same change in the global and annual mean
surface temperature. However, since these two per-

" turbations accomplish this surface warming in dif-

ferent ways, their interactions with the cloud proc-
esses lead to different feedbacks. We discuss the
implications of this result and summarize our con-
clusions in Section 5.

2. Model
a. Basic I-D RC model

The 1-D RC model used here is that of Wang
et al. (1976) and represents the global and annual
mean atmospheric temperature structure at equi-
librium. The model equilibrium is attained by a for-
ward time-marching computation until energy bal-
ance occurs at all altitudes. For an assumed initial
atmospheric composition, global mean surface
albedo and initial global mean vertical distribution
of temperature and clouds, the solar and thermal
flux divergences averaged over clear and cloudy
fractions are computed at 17 unequally spaced
altitudes covering the lowest 50 km of the at- .
mosphere (see Table 1). The model relative humidity
is fixed; thus, the absolute humidity changes with
the temperature causing a significant positive tem-
perature feedback (Manabe and Wetherald, 1967).
The net radiative heating/cooling at each altitude,
together with .the ‘‘convective’ heating/cooling
discussed below, determines the atmospheric tem-
perature at the next time step. The surface
temperature at the next time step is calculated
from a balance between solar, thermal and con-
vective fluxes, where the latter is determined from
stability criteria using the previous time step surface
temperature and the next time step atmospheric
temperature. The total convective flux convergence
in the atmosphere equals the convective flux diver-
gence in the surface energy budget.

At any level where the computed temperature
lapse rate is steeper than a specified critical lapse
rate, convective heating is assumed sufficient to
return the temperature lapse rate to the critical
value. This procedure is called convective adjust-
ment (Manabe and Strickler, 1964). However, in
addition to actual small-scale convective vertical
heat fluxes, this adjustment must represent the
global mean vertical heat fluxes by large-scale
dynamics which are driven primarily by the equator-
to-pole temperature gradient. These effects are
generally represented by using a constant, empirical,
critical lapse rate of 6.5 K km™' (Manabe and
Strickler, 1964); but Stone and Carlson (1979) show
better agreement with the observed global and
annual mean temperature structure using the moist
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adiabatic lapse rate. Neither of these lapse rates,
however, may correctly describe the lapse rate
changes during climate variations. We use both a
constant and a moist adiabatic lapse rate in the
convective adjustment to test the sensitivity of our
results to this parameterized heat flux and to
illustrate one possible temperature feedback.

The above description applies to most current
1-D RC models (Ramanathan and Coakley, 1978),
but these models differ in the methods used to solve
the radiative transfer equations. We use a method
that explicitly accounts for vertical inhomogeneity
in atmospheric composition and aerosol distribu-
tion using the doubling and adding techniques to
calculate multiple scattering effects (Lacis and Han-
sen, 1974) and the correlated k-distribution method
of integrating over frequency (Lacis et al., 1979).
One advantage of this approach is that realistic
spectral properties of clouds and aerosols can be
employed to avoid the grey approximation (see
Section 2b).

In addition to the convective adjustment and
fixed relative humidity assumptions, most models
have constant global mean surface albedos, and
fixed aerosol and cloud distributions. Wang and
Stone (1980) have studied an ice albedo-tempera-
ture feedback in a 1-D RC model, as well as
variable clouds with the FCT parameterization sug-
gested by Cess (1974). We consider here a fixed
cloud altitude (FCA) model in which either mean
cloud cover or cloud optical thickness at each
model level can vary. The latter variation has not
been considered previously as a source of cloud
feedback.

b. Cloud properties

The cloud properties in this model are chosen so
that the control experiments produce the observed
global and annual mean vertical temperature struc-
ture. Hence the cloud fractional cover and optical
thickness* in each model layer represents those
properties of non-overlapping, plane-parallel clouds
that interact with the radiation to produce the
correct global and annual mean net radiative
heating/cooling. These clouds do not, therefore,
represent the global and annual mean cloud cover
and optical thickness at each level; but rather,
they represent the mean cloud properties weighted
by their radiative effects. In control runs for vari-
able cloud cover experiments, the optical thick-
ness is fixed at 7 =16 (z<3 km), r=6 3=z
< 8 km) and 7 = 2 (z = 8 km). The best match to
observed temperature is obtained with the cloud
cover distribution shown in Table 1. In control runs

4 Optical thickness refers to visual optical thickness through-
out this paper.
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for variable optical thickness experiments, the cloud
cover is fixed at the values in Table 1; however,
because of the different coupling to cloud liquid
water content in these experiments (explained be-
low), the best match to observed temperatures is
obtained by adjusting the optical thickness distribu-
tion to that shown in Table 1.

The reflection, absorption and transmission of the
clouds are calculated as a function of wavelength
and optical thickness, taking full account of multiple
scattering effects [see Wang et al. (1976) and Lacis
et al. (1979) for details]. For these calculations the
clouds are assumed composed of water spheres (z
< 8 km) or ice spheres (z = 8 km) with a particle
size distribution given by a gamma distribution
(Hansen, 1971). The effective particle radius and
effective variance characterizing this distribution
are 10 um and 0.15 for water clouds and 25 um
and 0.1 for ice clouds. The wavelength dependence
over the solar and thermal spectra is taken from Hale
and Querry (1973) for water and Irvine and Pollack
(1968) for ice. In the variable optical thickness ex-
periments, the cloud liquid water content and optical
thickness are linked by assuming a particle number
density of 350 cm™ (z < 3 km), 450 cm™ 3 < z
< 8 km) and 5 cm™® (z = 8 km) (Yamamoto et al.,
1971).

To illustrate the net radiative effect of a specified
cloud variation, we show in Fig. 1 the change in
equilibrium surface temperature produced by adding
10% cloud cover at 8 km with variable optical thick-
ness. The reference model has 30% cloud cover at
3 km and 10% cloud cover at 5 km; both clouds
are optically thick. The separate visual and thermal
components of the total effect are also shown. The
warming caused by the thermal effect of the cloud
increases more rapidly at first with increasing optical
thickness than does the cooling produced by the
albedo effect, so that, in this case, it dominates for
7 < 8. The effect of cloud altitude on the results
shown in Fig. 1 is given by a rough scaling of the
magnitude of the thermal effect with the difference
between the surface and cloud top temperature. This
altitude dependence, together with the decrease of
cloud optical thickness with increasing altitude,
makes possible the complicated feedbacks produced
in our model by variations of the cloud vertical
distribution.

c. Cloud parameterization

The cloud parameterization that we employ in this
study is inferred from the observed correlation be-
tween the large-scale horizontal distributions of
cloud amount and precipitation. Although the cli-
matologies of clouds and precipitation are not well
enough known, especially over oceans, to determine
how much non-precipitating cloudiness occurs
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F1G. 1. Thermal greenhouse effect and solar albedo effect of ice
cloud (solid line) and water cloud (dashed line, 5 um effective
particle radius) on surface temperature T, (K). These effects are
caused by the addition of 10% cloud cover at 8 km to a reference
model with clouds at 3 and 5 km (see text). The net radiative
effect is also shown.

(GARP, 1975), several associations between cloud
systems and precipitation zones are qualitatively
known:

1) Distinctive ITCZ cloud systems coincide with
the zone of maximum precipitation near the equator
and follow its seasonal shifts.

2) Low cloud cover regions in the subtropics co-
incide with the major world deserts.

3) Characteristic midlatitude clouds are associated
with the frontal systems of cyclonic low pressure
“*storms’’ which produce zones of heavy precipita-
tion along well-defined ‘‘storm tracks.”

Recent analyses of GATE observations suggest
that the most characteristic precipitating cloud sys-
tem in the tropics is composed of a cluster of deep,
precipitating cumulus towers with an associated
mesoscale stratus cloud which produces a substan-
tial fraction of the total precipitation (Johnson, 1980;
Leary and Houze, 1980; Webster and Stephens,
1980). Ludlam (1980) reviews observations of mid-
latitude cyclones which show that the precipitation
occurs primarily along the associated warm and cold
fronts, falling from mesoscale complexes of cumulo-
form and stratoform clouds. Both tropical and extra-
tropical systems are always accompanied by large-
scale cirrus clouds. Regardless of which type of cloud
" produces most of the global precipitation, these ob-
servations suggest that most of the large-scale clouds
which dominate the radiation budget are produced
by the same mesoscale and synoptic scale systems
which produce the precipitation. Very little climato-
logical information is available regarding the vertical

'
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structure of these precipitating systems (GARP,
1975; Oxford, 1978; Krishnamurti et al., 1980), but
we assume that the global and annual mean vertical
cloud distribution can be related in some way to the
mean vertical precipitation distribution.

In equilibrium the precipitation rate is proportional
to the latent heating rate of the atmosphere. The

_ latent heating rate, plus the sensible heating rate,
_in turn, must balance the radiative cooling rate of the

atmosphere. (The surface balance is radiative heat-
ing equals latent and sensible cooling.) The fact that
the clouds also strongly influence the radiative heat-
ing of the surface and the cooling of the atmosphere
shows the fundamental importance and potential
complexity of the cloud-radiation feedback problem.
In a 1-D RC model, the latent heating rate is some
fraction of the total vertical heat flux convergence
represented by convective adjustment. No simple or
complete theory exists as yet to relate the latent heat
flux to the sensible heat flux or to the cloud amount
associated with synoptic and mesoscale precipitating
systems; however, we propose simple, self-consis-
tent approximations which retain some of the pos-
sible relationships. Further work on understanding
cloud processes in these large, organized circulation
systems, together with detailed global and seasonal
cloud climatologies, is needed to determine the
proper parameterization of cloud vertical distri-
butions.

The ratio of the sensible and latent heat fluxes at
the surface defines the Bowen ratio B which, there-
fore, represents the partitioning of the total convec-
tive cooling that balances the net radiative heating of
the surface. Consequently, the global mean evapora-
tion (or latent cooling) rate E at the surface can
be expressed as -

E =H,/L = H[LQ1 + B)], (1)

where H, represents the vertically integrated con-
vective heat flux convergence in the atmosphere,
which is equal to the net radiative heating in the
model surface energy budget, H, is the fraction of
H, attributed to latent heating, and L is the latent
heat of water condensation. In equilibrium, this
evaporation rate at the surface equals the total pre-
cipitation or latent heating rate of the whole atmos-
phere. The conversion of total energy and water then
requires that the ratio of the vertically integrated
sensible and latent heating rates of the whole atmos-
phere equals B. We are concerned here with new
equilibrium states of the model which are not very
different from the initial (current) climate; hence,
quantities either remain constant or vary linearly
with the changing model conditions. Four simplify-
ing assumptions allow us to use (1) to predict the
mean vertical cloud distribution.

(i) The simplest assumption about the vertical de-
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pendence of the ratio of the sensible and latent heat-
ing rates is that the ratio is a constant independent
of altitude. The constraint mentioned above requires
this constant to be B; thus, the latent heating rate
per unit mass H, at any altitude is related to the
convective heating rate H, per unit mass in the
model by '

H, = H. (1 + By 2)

The only global and annual mean data available to
check this relationship include the vertical fluxes of
latent and sensible heat by the mean meridional cir-
culation and stationary eddies (Oort and Rasmussen,
1971). These data do show a nearly constant Bowen
ratio in the lower troposphere, but the contribution
of transient eddies and small-scale turbulence is
unknown.

(ii)) We assume that the relative humidity at each
altitude level is fixed. This assumption is the simplest
approximation to the increase in water vapor abun-
dance with increasing atmospheric temperature for
small changes in climate. The vertical profile of rela-
tive humidity is that of Manabe and Wetherald (1967).

(iit) Following Ogura and Takahashi (1971), we
calculate the precipitation rate P from

P = fil, 3

where f,7! represents a conversion time of cloud
droplets into rain and / is the cloud liquid water
mixing ratio at each altitude for those cloud elements
which actually contribute to the precipitation pro-
duced by the whole synoptic or mesoscale cloud
system. A value of f; = 1.25 x 1074 s ~ (2 h)™!
seems representative (Mason, 1971). Since the
changes in / calculated for different climates are
generally small, a more realistic, nonlinear param-
eterization (e.g., Sundqvist, 1978) is not warranted.

(iv) When the liquid water mixing ratio of the pre-
cipitating cloud elements changes, we expect the
properties of the whole synoptic or mesoscale cloud
system in which they are embedded to change also.
In this model the cloud cover and optical thickness
do not pertain to those of an individual cloud element
or even of an individual cloud system, but rather
they pertain to the global and annual average prop-
erties of all synoptic and mesoscale cloud systems
weighted by their radiative effects. Our theoretical
understanding and available data do not yet define a
relationship between the mean cloud system proper-
ties and the mean precipitation rate, so we adopt
the reasonable hypothesis that higher precipitation
rates imply more vigorous cloud systems. For il-
lustrative purposes, we assume that increased sys-
tem vigor implies either larger cloud area A (model 1)
or larger cloud optical thickness v (model 2). As
with precipitation we use a linear relation. Thus, for
model 1 optical thickness is specified (cf. Section
2b) and
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A=1lf;, 4)

where f, = 5.5 X 107* represents a typical mixing
ratio for precipitating cloud systems (cf. Mason,
1971). For model 2, cloud cover is specified (Table

1) and
7 =fal, (5)

where f; = 3.09 x 10* (z <3 km), 1.15 x 10* (3
=< z < 8km)and2.75 x 10®(z = 8 km), which com-
pares well with other models (Carrier et al., 1967;
Yamamoto et al., 1971).

Assumptions (i) and (iii) lead to a prognostic equa-
tion for the mean liquid water mixing ratio at each
altitude which contributes to precipitation:

ol

— = HJILA + B - fil, (6)
o

where the first term on the right is the condensation
rate which is equal to the latent heating rate given by
(2). This expression satisfies the constraint that, in
equilibrium, the vertically integrated precipitation
rate equals the global mean evaporation rate
given by (1).

The second assumption leads to a simplified
formula for the Bowen ratio, which is defined at
the surface as

B = <

= 2 {wTlwql",
L[ iiw'q

0]
where C),, is the specific heat of air and the last two
factors in brackets represent the total surface fluxes
of heat and moisture, respectively. The overbar in-
dicates a horizontal and time average and the prime
indicates a deviation from that average. Since the
relative humidity R is fixed, the specific humidity
g is proportional to the saturation specific humidity
45, which can be expanded about a mean tempera-
ture 7 when T' < T, viz.,
g(T+T) =g+ T

aT
Identifying q’/R with the second term on the right
in (8), neglecting the higher order terms, and sub-
stituting into (7), we find an expression for B which
is approximately equal to the empirical expression
derived by Priestly and Taylor (1972):

1 Cp[aqs(T)]“
4RL| oT ’

®)

where T is now taken to be the global mean surface
temperature. Because of the strong temperature de-
pendence of the factor in brackets in (9), the global
mean value of B is not equal to (9) evaluated using
the global mean surface temperature; therefore, we
have introduced the factor (1/4) to match the ob-
served global mean value of B (Budyko, 1956). This
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expression for the Bowen ratio implies dB/0T < 0;
that is, as the surface temperature increases, more
of the surface cooling is accomplished by water
evaporation.

The fourth assumption, together with Egs. (2), (3),
(6) and (9), gives the cloud cover and cloud optical
thickness as a function of the total convective heat
flux convergence at each altitude in equilibrium:

A = HfifoL(1 + B, (10
= H.f3lfiL(1 + B)]™, an

respectively. Consequently, our cloud parameteri-
zation is equivalent to a fixed cloud altitude model
with variable cloud properties at each level connected
by the single adjustable factor in brackets (10) and
(11) to the convective heat flux convergence. We
have, at this stage, introduced an empirical altitude
dependence of these factors through the altitude in-
dependence of £, and the altitude dependence of f;,
which represents the combined altitude dependence
of all the factors in the brackets in a more realistic
parameterization.

The expressions for the cloud cover [Eq. (10)]
and cloud optical thickness [Eq. (11)] contain two
contributions to the total temperature dependence
" of these quantities. The variation of the Bowen ratio
with temperature, as discussed above, contributes a
tendency for increasing cloud cover or cloud optical
thickness with increasing temperature. The contribu-
tion of the convective heating factor H, cannot be
determined for all cases, however. For example,
even if the total vertically mtegrated convective heat-
ing A, of the atmosphere increases with increasing
surface temperature, the local convective heating
H,. at a particular altitude may either increase or
decrease. The consequent local change in A or 7 with
increasing temperature may thus have either sign.
Since the radiative effects of the clouds at different
altitudes differ substantially (cf. Section 2b), the net
radiative effect of cloud changes responding to tem-
perature changes can be complicated. This is the
central point of this study, namely, that changes in
the vertical distribution of cloud amount can occur
and can introduce climate feedbacks, in addition to
those produced by changes in total cloud amount.
As we show in the next sections, the interaction
of vertical structure changes in total cloud amount,
specific humidity and temperature produces differ-
ent cloud feedbacks for different climate perturbations.

3. Sensitivity of surface temperature to solar constant
“increases

A commonly used measure of the sensitivity of
the global surface temperature to solar constant
changes is defined by (cf. Schneider and Dickinson,
1974)
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dT,
B=5— 5
where S is the solar constant, with S, = 1365 W m™2
as the current value, and T, the surface temperature.
On time scales longer than one year, the earth-at-
mosphere system appears to be in radiative equilib-
rium (Jacobowitz et al., 1979) and thus the outgoing

(12)

- thermal radiation F equals the net incoming solar

radiation, S(1 — «)/4, at the top of the atmosphere,
where « is the global albedo. With this additional
relationship, we can rewrite (12) to express 8 in terms
of the thermal flux sensitivity (or greenhouse) param-
eter, dF/dT,, and the albedo sensitivity parameter,

da/dTy:
: ’ -1
g F(dF N 52 da)
dT, 4 dT,

Since we only consider small changes in S, we will
not discuss the consequent small changes in F, but
concentrate on the contribution of the two sensitivity
parameters to 8. The effect of cloud variations on
these two parameters illustrates the separate feed-
back effects of clouds on the solar and thermal ra-
diative fluxes (cf. Section 2b and Fig. 1).

To study the feedbacks produced by variable
clouds or temperature-dependent critical lapse rates,
we must compare the climate change that results
with and without each feedback. The calculation of
the change in model climate without cloud or lapse
rate feedback is called the control run. Although
we adjust the model climate by matching the current
values of global albedo and global temperature (Cess,
1976; Jacobowitz et al., 1979), the control run re-
sponse varies slightly because of small differences
in the vertical structure (Table 1) which depends on .
which cloud property had been adjusted or which
critical lapse rate is used. Consequently, for a proper
determination of the feedback effects, we use four
different control runs, one for each combination of
feedbacks.

Table 2 summarizes the surface temperature '
changes produced by a 2% increase in the solar con-
stant and the associated model sensitivity param-
eters for the control runs, labeled ‘‘no feedback’’,.
and for model runs with lapse rate feedback only,
cloud feedback only, and both feedbacks. A com-
parison of the four control runs shows that, without
cloud or lapse rate feedbacks, the model surface
temperature increases by ~2.3 K for a 2% increase
in the solar constant, with greenhouse and albedo
parameter values of ~2.3 and —0.24 W m—2 K1,
respectively. These values are in excellent agree-
ment with those obtained with other 1-D RC models®

(13)

® The small negative value of the albedo parameter is caused by
increasing absorption of solar radiation by water vapor which in-
creases in abundance with increasing temperature.
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TaBLE 2. Effects of cloud and critical lapse rate (I') feedback on the surface temperature change AT, (K), the thermal flux
sensitivity dF/dT, (W m~2 K1), the solar albedo sensitivity (S,/4)da/dT, (W m™2 K1), and the model sensitivity 8 (K) for a 2%

increase in solar constant.

6.5 K km™! Moist adiabatic lapse rate
dF S, da dF So da
Feedback AT, dT, 4 dT, B AT, dT, 4 dT, B
I. Cloud cover (A)
1. No feedback 2.17 2.38 -0.25 109 2.28 2.25 —0.25 114
2. T feedback (fixed A) 1.62 3.22 -0.37 81
3. A feedback (fixed I') 1.95 1.57 0.78 98 1.87 1.51 0.92 93
4. (A + T feedback 1.97 1.71 0.63 99
I1. Cloud optical thickness (7) '
1. No feedback 2.26 2.36 —-0.24 113 2.41 2.19 -0.24 120
2. T feedback (fixed 7) 1.60 3.30 -0.37 80
3. 7 feedback (fixed I') 1.95 2.20 0.25 98 1.91 2.16 0.28 95
4. (r + T) feedback 1.36 3.17 0.25 68

(see Wang and Stone, 1980). This comparison also
demonstrates that the model sensitivity is not de-
pendent on the particular value of a fixed critical
lapse rate.® Furthermore, this table shows that none
of the feedbacks included in this model calculation
is able to prevent or reverse the warming produced
by a solar constant increase of this magnitude.

When the lapse-rate feedback, alone, is added to
the model (labeled ‘T feedback’’ in Tables 2 and 3),
the surface warming produced by an increased solar
constant is significantly reduced; i.e., this particular
temperature dependence of the lapse rate causes a
negative feedback. Two opposing effects produce
this result: the larger effect is an increase in surface
cooling by the convective adjustment as a conse-
quence of the decrease in the moist adiabatic lapse
rate with increasing temperature, and the smaller
effect is a decrease in surface cooling by infrared
radiation as a consequence of the increase in down-
ward IR flux from the relatively warmer upper at-
mosphere produced by the decreasing temperature
lapse rate.

The latter effect is further enhanced by the pres-
ence of clouds and by fixed relative humidity. Since
clouds are the only effective absorbers in the infrared
spectral “*“window’’ near 10 um, their presence de-
creases the IR cooling of the surface compared with
clear sky conditions. Thus, a temperature-depend-
ent lapse rate produces an additional radiative feed-
back on surface temperature changes even in the
presence of fixed cloud cover (Ramanathan, 1977);
however, the cloud contribution to this effect is only
about 10-20% of the clear-sky contribution. The
radiative cooling of a warming surface under clear
or cloudy sky is decreased further in the model by

% The control run for the moist adiabatic lapse rate uses a fixed
critical lapse rate set equal to the moist adiabatic lapse rate cal-
culated for the initial temperature structure.

the increase of absolute humidity at higher altitudes
produced by the combination of a fixed relative hu-
midity and a decreasing temperature lapse rate.
These changes in upper level temperature and ab-
solute humidity produced by a moist adiabatic lapse
rate explain the changes in the greenhouse and al-
bedo parameters shown in Table 2. These effects
also illustrate the important point that the magnitude
of any one temperature feedback in a model can
depend on assumptions made regarding the vertical
distribution of humidity and clouds. The interaction
of even the simple parameterizations used in this
model can produce rather complex behavior, as we
illustrate below.

a. Variable cloud cover

When cloud cover feedback (labeled “‘A feed-
back’’) is added to the model, the surface warming
is reduced from about 2.2 to 1.9 K, essentially in-
dependent of the value of the constant critical lapse
rate used. That is, variable cloud cover produces a
negative feedback. With an accompanying total
cloud cover increase of 2.1% (from 50.6% for the
control run), this negative feedback is largely the
result of an increase in global albedo. Furthermore,
the changing cloud cover now dominates the albedo
sensitivity of the model climate, as shown in Table
2 by the large increase in the value of this parameter.
However, Table 2 also shows that the albedo effect
is partly offset by a decrease in the greenhouse pa-
rameter caused primarily by the increase in cirrus
(high) cloud cover. Thus, the vertical distribution of
the changes in cloud cover, shown in Fig. 2, strongly
influences the magnitude of the cloud feedback. Since
the cloud cover is proportional to convective heating
in (10), the changes in cloud-cover vertical distribu-
tion in Fig. 2 reflect the changes in convective heat-
ing. In this case, Fig. 2 shows that the increased solar
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— — — Moist adiabatic lapse rate

6.5 Kkm=! lapse rate

fcoz =330 -+ 660 ppmv
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2% Increase in solar constant
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-2 | 2 3

Change In Percent Cloud Cover

F1G. 2. Change in percent cloud fractional coverage as a function of altitude for
a2% increase in the solar constant and a doubling of the CO, concentration. Results
are shown for models using a constant, 6.5 K km™!, critical lapse rate (solid lines)
and a moist adiabatic lapse rate (dashed lines) in the convective adjustment scheme.

constant causes a decrease in the heating of the
atmosphere between 2 and 4 km and an increase in
the heating below 2 km and in the upper troposphere
above 8 km. The increase in cloud cover below 2 km
is comparable to that in the upper troposphere, but
the albedo effect of the optically thick, low-altitude
clouds predominates over the greenhouse effect of
the optically thin, high-altitude clouds. '
When both the cloud-cover and lapse rate feed-
backs are included (labeled ‘A + I feedback’), the
surface warming is reduced with respect to the con-
trol run, but increased with respect to the I' feedback
case. That is, the cloud-cover feedback has become
a positive feedback, in contrast to the case with
cloud-cover feedback only. This clearly illustrates
the importance of the vertical structure changes in
that, even though the total cloud cover increase is
larger in this case, ~2.8% (from 49% for the control
run), than for the A feedback case, the greater por-
tion of the increase occurs at higher altitudes as
shown in Fig. 2. This distribution of cloud cover
changes occurs because the temperature-dependent
convection carries the extra solar energy primarily
to higher altitudes with a stronger decrease of the
heating in the 0~4 km layer. Since the optical depth
of the upper level clouds is much smaller than that
of the lower level clouds, the increase of the upper
clouds is less important to the albedo than is the
smaller decrease of lower level clouds; this accounts
for the smaller albedo parameter in Table 2 for A
+ I' feedback compared to that for A feedback.
However, the high-level clouds significantly decrease
the greenhouse parameter by blanketing the extra
thermal radiation supplied by the greater convective
flux from the surface. These differences from the
constant lapse rate case lead to a cloud feedback of

opposite sign to that produced with no lapse-rate
feedback.

Paltridge (1974) constructed a model of cloud-
cover feedback with solar constant changes in which
all quantities are functions of the surface tempera-
ture determined from a surface energy balance in-
cluding latent and sensible heat fluxes. The total
cloud cover of a single-layer cloud is coupled to the
latent heating of the atmosphere in a similar manner
to our model. Aside from small differences in the
magnitude of the change of the latent and sensible
fluxes with changing solar constant prodiced by dif-
ferent formulations, these two models exhibit about
the same total cloud-cover change with surface tem-
perature and similar feedbacks on the surface tem-
perature. However, the surface temperature change
produced by a 2% increase in the solar constant is
smaller in Paltridge’s model because he assumes con-
stant absolute humidity in his radiation formulation.

b. Variable cloud optical thickness

The effect of variable cloud optical thickness (la-
beled ‘‘1 feedback’’) is to reduce the surface warm-
ing from about 2.3 to 1.9 K. Although this negative
feedback is coincidentally similar in strength to the
A feedback case, the changes in the greenhouse and
albedo parameters are smaller. The change in total
cloud optical thickness of ~3.1 (from 78.65 for the
control run) occurs largely. in the lower altitude,
optically thick clouds (Fig. 3) because of the altitude
dependence of f3; however, such increases have less
effect on the albedo parameter than a change in the
low-altitude cloud cover. In addition, the increase
in the optical thickness of the upper level clouds
begins to saturate their effect on the infrared flux
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(cf. Fig. 1), so that the decrease in the greenhouse
parameter is not as large as that produced by in-
creasing the cloud cover at these altitudes.

The combined effects of lapse rate and optical
thickness feedbacks (labeled ‘‘7 + I' feedback’’)
produce the largest reduction of the surface warming
of any of our experiments, decreasing it from 2.4 K
toabout 1.4 K. This strong negative feedback occurs
even though the increase in total cloud optical thick-
ness is smaller than with 7 feedback alone, in this
case ~ 2.2 (from 76.39 in the control run). The larger
portion of the increase occurs in the higher altitude
clouds because the temperature-dependent convec-
tion transports most of the excess heat into the upper
troposphere with little additional heating of the near
surface atmosphere. Consequently, the upper clouds
become so optically thick that their effect on the
greenhouse parameter is less than their effect on the
global albedo, a result which depends on the assumed
initial optical thickness of these clouds in our model.
These results show that substantially increasing the
optical thickness of the cirrus clouds generally leads
to an increasing predominance of the albedo param-
eter and to a more negative feedback (cf. Fig. 1),
similar to the behavior of low-level clouds, and un-
derlines the importance of correctly accounting for
the behavior of cirrus clouds in climate models.

4. Sensitivity of surface temperature to CO, concen-
tration increases

Table 3 summarizes the surface temperature
changes produced in our model by increasing the
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CO, concentration from 330 to 660 ppmv. In the
absence of cloud and lapse-rate feedbacks, doubling
the CO, concentration causes a surface warming of
~2.1 K, in agreement with other 1-D RC model re-
sults (Ramanathan and Coakley, 1978). This amount
of surface warming is comparable to that produced
in our model by a 2% increase in the solar constant,
but for different reasons. An increase in the solar
constant directly increases the net solar heating of
the surface, which is then balanced by an increase
primarily of the convective cooling and secondarily
of the net infrared cooling. On the other hand, in-
creasing the CO, concentration decreases the net IR
cooling of the surface requiring an offsetting increase
of the convective cooling. Thus, the effects of these
two climate perturbations on the convective heating
of the atmosphere, especially its vertical distribu-
tion, are likely to be quite different and to result in
different cloud feedbacks. Since adding the lapse-
rate feedback, alone, only increases the relative ef-
ficiency of the convective cooling of the surface,
this negative feedback is the same for a solar constant
increase and a CO, concentration increase, as a com-
parison of Tables 2 and 3 shows.

a. Variable cloud cover

When cloud-cover feedback is added, the surface
warming is increased from ~2-2.7 K; that is, the
cloud-cover feedback is positive in contrast to the
same model with a solar constant increase. The dif-
ference is caused by the vertical distribution of the
cloud-cover changes, as illustrated in Fig. 2. The

6.5 Kkm~! lapse rate
— — — Moist adiabatic lapse rate
|2}
€ 1o}
=
/ /
S 8 i
2 7 s
= 7 s
I 6K _ 2
fc02 =330+ 660 ppmv
4f‘ 2% lIncrease in
solar constant
2 =3
0 1 | 1 1 P | i
-2 =1 0 | 2

Change Of Optical Thickness

F1G. 3. Change of cloud optical thickness as a function of altitude for the same
cases as in Fig. 2. Solid and dashed lines have the same meaning as in Fig. 2.
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TaBLE 3. Effects of cloud and critical lapse-rate feedback on
the surface temperature change AT, (K) due to an increase in CO,
abundance from 330 to 660 ppmv.

ATs
, Moist adiabatic
6.5 K km™! lapse rate
1. Cloud cover (A) .
1. No feedback 1.96 2.14
2. T feedback (fixed A) 1.53
3. A feedback (fixed I) 2.68 2.62
4. (A + T') feedback 2.80
I1. Cloud optical thickness (7) :
1. No feedback 2.06 2.26
2. T feedback (fixed 1) 1.49
3. 7 feedback (fixed I') 2.08 2.09
4. (7 + I') feedback 1.47

increase in the cloud cover near the surface that
accompanies surface warming is the same for solar
constant and CQ, increases, but the increase in upper
level clouds and decrease in middle level clouds
are much larger for a CO, increase. Even with an
increase in total cloud cover of 1.78% (from 50.6%
in the control run), the global albedo has increased
only slightly because more of the cloud cover in-
crease is accounted for by the optically thin cirrus
clouds than before. In addition, the large increase
in the cirrus cloud cover enhances the greenhouse

effect. This pattern of cloud changes is produced by .

the shift of the effective radiating level of the at-
mosphere to a higher altitude which accompanies
the increase in infrared opacity with a CO, concen-
tration increase; whereas, the cloud changes in re-
sponse to an increase of the solar constant represent,
more nearly, a simple increase in the overall atmos-
pheric heating rate.

When both the lapse rate and cloud cover feed-
backs are included, the surface warming increases
to 2.8 K, larger than that in both the control run and
the A feedback run; i.e., the cloud feedback is even
stronger than without the lapse rate feedback, and
more than offsets the negative feedback of the tem-
perature-dependent lapse rate. Since the tempera-
ture-dependent convection produces less heating of
- the near-surface atmosphere and shifts the atmos-
pheric heating to higher altitudes than the tempera-
ture-independent convection, enhancement.of the
cloud changes discussed above is expected (Fig. 2).
Even with the larger increase of total cloud cover
" by 2.8% (from 49% in the control run), the larger
decrease in the middle level clouds and increase in
upper level clouds combine to produce the largest
surface warming exhibited by any of the model
calculations.

b. Variable cloud optical thickness

The optical thickness feedback produces a negli-
- gible increase in the surface warming caused by
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doubling the CO, concentration (Table 3). Fig. 3
shows that the changes in optical thickness at dif-
ferent altitudes nearly cancel, resulting in a total
increase of only 0.1 (from 78.65 in the control run).
This result depends not only on the vertical distribu-
tion of the convective heating, but also on the vertical
variation of the parameter f; in (11). In this case,
increasing the optical thickness of the upper level

-clouds increases the global albedo enough not only

to offset the decrease in the middle-level clouds but
also to reduce the relative magnitude of the green-
house effect of these clouds (cf. Fig. 1). When the
lapse-rate feedback is added, the resulting decrease
in surface warming is little affected by the cloud
optical thickness feedback (Table 3), despite the
larger increase in the upper level cloud optical thick-
ness. This larger increase is mostly offset by a larger
decrease in middle level clouds, resulting in a total
increase of only 0.47 (from 76.39 in the control run);
but the albedo effect of the thicker upper level clouds
now dominates their greenhouse effect, resulting in a
small decrease in surface warming because of a
slightly higher global albedo. This behavior of the
optical thickness feedback is in sharp contrast to its
behavior with solar constant increases.

5. Discussion

Most previous studies of cloud variations and
feedbacks have considered only the variation of cloud
cover; but even models apparently using the same
cloud parameterization obtain contradictory results
because of differing interactions of cloud cover with
other model processes. For example, Gates (1976)
and Schneider ef al. (1978) use roughly similar pre-
scriptions relating increasing cloud cover to increas-
ing relative humidity; yet, in similar experiments
with specified changes of fixed sea surface tempera-
ture, they found opposite changes of cloud cover
with temperature. Comparison of these results and
those from other completely different models (e.g.,
Temkin et al., 1975; Roads, 1978) is not informative
because the relationships between the clouds and-
other parameterized processes in these models
remain unexamined. Furthermore, as our. results
illustrate, a simple representation of the complex
behavior of clouds in one circumstance may not
succeed in-another situation. For example, for a
doubled CO, concentration and a fixed critical lapse
rate in our model, a shift of cloud cover from middle
to upper levels is more important than the increase in
total cloud cover, producing a strong positive
feedback very similar to that produced by a fixed
cloud temperature (FCT) parameterization in the
same model (cf. Wang and Stone, 1980). However,.
the FCT parameterization would not reproduce the
behavior of our model for a 2% solar constant
increase. Thus, there is no guarantee that a cloud
parameterization which is judged successful in one
case will be successful for all other climate change
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experiments. Consideration of the factors which
control the nature of cloud feedbacks, even in simple
climate models, cannot be separated from considera-
tion of the interaction of clouds with other model
processes.

One objective of many studies has been to de-
termine the relation between the total cloud cover
and the surface temperature variations. Cess (1976),
for example, relates observed changes in total cloud
cover with latitude and season to the observed
changes in surface temperature; but he neglects the
role of the varying temperature lapse rate and cloud
vertical distribution. Our results illustrate the po-
tential importance of both of these quantities; and,
in particular, suggest that total cloud cover may
not be simply related to either the surface tempera-
ture or the cloud feedbacks produced by climate
variations. Several key examples of this behavior
are as follows:

1) For a 2% increase of the solar constant, vari-
able cloud cover without lapse-rate feedback re-
duces the surface warming by ~14% (Table 2). This
small negative feedback is in contrast to the larger
response obtained when the same change in total
cloud cover occurs all at some specified altitude
(Manabe and Wetherald, 1967; Lacis et al., 1979).
Our result depends on the distribution of the changes
in total cloud cover in the model between changes
in low-level, optically thick clouds and in high-level,
optically thin clouds; an increase in the former in-
creases the albedo more than the greenhouse effect,
while an increase of the latter can increase the green-
house effect more than the albedo (cf. Fig. 1). Thus,
the vertical distribution of a cloud-cover change can
influence the magnitude of the cloud-cover feedback
on surface temperature.

2) Infact, differing vertical distributions of cloud-
cover changes can change the sign of the cloud feed-
back as illustrated by comparing the differences be-
tween the no feedback and A feedback cases with the
difference between the I' feedback and A + T feed-
back cases in Table 2.

3) Comparison of the surface temperature changes
produced by a 2% solar constant increase and a
doubling of the CO, concentration in models with
“cloud cover and lapse rate feedbacks (Tables 2 and 3)
shows very different values for the same total cloud-
cover change (AT, = 1.97 K, AA = 2.81% and AT,
= 2.80 K, AA = 2.8%, respectively). Fig. 2 shows
that these two cases differ only in the magnitude of
the offsetting cloud-cover changes at different
altitudes.

Our model results with variable cloud optical thick-
ness show that such changes can also produce feed-
backs on the surface temperature just as large as
those produced by variable cloud cover (Table 2) and
just as variable in sign and magnitude with differing
lapse-rate assumptions and climate perturbations
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(Tables 2 and 3). The nature of the optical thickness
feedback is sensitive to the assumed initial vertical
distribution of optical thickness in the model; thus,
analyses of observations to determine cloud feed-
backs which assume constant cloud albedo may be
in error. If both cloud cover and cloud optical thick-
ness variations are correlated, their interaction could
result in very complex cloud feedbacks on the
climate.

Since the uncertainties in the global distribution
of cloud properties in the current climate and the
proper parameterization of the physical processes
controlling it are large, we do not present our results
as a proper representation of the cloud feedbacks
on climate changes. Instead we present these results
to illustrate the potential complexity of the cloud-
feedback problem by providing an example of such
complexity with a very simple climate model. ‘

Below we summarize our conclusions:

1) The interactions between the processes con-
trolling the vertical distribution of temperature, hu-
midity and clouds may produce very complicated
and interrelated changes in these quantities which
may make the nature of cloud feedbacks dependent
on the type of climate perturbation that occurs.

2) Changes in total cloud cover may not be simply
related to changes of other climate variables, since
variations in the vertical distribution of cloud cover
without a change in the total can have equally im-
portant effects on the climate. The same may be
true of the horizontal, diurnal and seasonal distribu-
tions of cloud as well.

3) Changes in other cloud properties, in particu-
lar, the optical thickness, also may play as important
a role in determining the climate as fractional areal
coverage.

4) Because of the complexity of behavior exhibited
even by this simple model of cloud effects, conclu-
sions about the nature of cloud feedbacks on the
climate which are based on model results should be
viewed with caution and require a much better un-
derstanding of model assumptions than currently ex-
ists. Much more study is required to understand the
role of clouds in the climate.
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